To investigate the metabolism of 3-cyanomethyl-4-methyl-DCK (CMDCK), a novel anti-HIV agent, by human liver microsomes (HLMs) and recombinant cytochrome P450 enzymes (CYPs). Methods: CMDCK was incubated with HLMs or a panel of recombinant cytochrome P450 enzymes including CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4, and 3A5. LC-ion trap mass spectrometry was used to separate and identify CMDCK metabolites. In the experiments with recombinant cytochrome P450 enzymes, specific chemical inhibitors combined with CYP antibodies were used to identify the CYP isoforms involved in CMDCK metabolism. Results: CMDCK was rapidly and extensively metabolized by HLMs. Its intrinsic hepatic clearance estimated from the in vitro data was 19.4 mL·min -1 ·kg -1
Introduction
Acquired Immunodeficiency syndrome (AIDS) remains an enormous health threat for humans despite the fact that available chemotherapeutic agents have increased in number and effectiveness in recent years. Currently, 7400 people become infected with human immunodeficiency virus (HIV) every day all over the world. As of 2008, the US Food and Drug Administration (FDA) and European Medicines Agency (EMA) has approved 25 anti-HIV drugs for clinical use, including 5 fixed-dose combinations to deal with the decreased sensitivity of drugs caused by the rapid emergence of drug-resistant mutants [1] . Thus, more effective drugs with novel mechanisms of action or resistance profiles different from those of currently available anti-HIV therapeutics are urgently necessary [2] . 3′,4′-Dicamphanoyl-(+)-cis-khellactone (DCK) and its analogs are a novel class of non-nucleoside reverse transcriptase inhibitors (NNRTIs) with a novel mechanism. They inhibit DNA-dependent DNA polymerase activity, in contrast to currently marketed NNRTI drugs, which interfere with the RNA polymerase activity of HIV-1 RT [3, 4] . In our prior studies, 3-cyanomethyl-4-methyl-DCK (CMDCK), a DCK analog, was identified as a promising preclinical agent. It exhibited high potency against the replication of both laboratory-adapted HIV strains and primary HIV-1 isolates in a CD4 + T cell line and PBMCs, respectively, as well as moderate efficacy against multidrug-resistant HIV strains (EC 50 /EC 90 ). Preliminary pharmacokinetic studies indicated that CMDCK has a marginal oral bioavailability (approximately 15%) in rats [5] . Only a very small amount of parent compound was recovered from the urine and bile after oral administration in rats. This result indicated that metabolism was the major elimination pathway of CMDCK in the body. In in vitro stability tests, a higher metabolic rate was noted in HLMs than in RLMs (rat liver microsomes) and DLMs (dog liver microsomes), suggesting that CMDCK may undergo extensive first-pass metabolism in humans.
In the present study, LC-ESI/MS/MS was used to characterize the major oxidative metabolites formed in pooled human liver microsomes (HLMs). The role of CYP enzymes in the biotransformation and metabolic pathways of the candidate drug was investigated using both recombinant human CYP enzymes and HLMs combined with specific CYP antibodies and selective chemical inhibitors.
Materials and methods
Chemicals and materials CMDCK and an internal standard (chemical structure presented in Figure 1 ) were synthesized in house with a purity of 98.5% determined by HPLC. Ketoconazole (KET), troleandomycin (TAO), ritonavir (RIT), naphthoflavone, sulfaphenazole, tranylcypromine, quinidine and NADPH were purchased from Sigma-Aldrich (St Louis, MO, USA). Pooled HLMs, human recombinant cytochrome P450 enzymes (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5) with reductase and anti-human CYP2D6 and CYP3A4 antibodies were purchased from BD Gentest Corporation (Woburn, MA, USA). Unless specified, all other reagents and solvents were the highest purity available and were purchased from Sigma-Aldrich Chemical Co (St Louis, USA). All buffers and reagents were prepared with high-purity water (Milli-Q; Millipore, Bedford, MA, USA).
Identification of CMDCK metabolites in HLMs
The incubation mixtures contained CMDCK (10 µmol/L), pooled HLMs (1 mg/mL), and NADPH (1 mmol/L) in 100 mmol/L sodium phosphate buffer (pH 7.4). The reactions were started by the addition of an NADPH solution after a 5-min preincubation. Incubations were carried out at 37 °C for 60 min and stopped by adding an equal volume of ice-cold methanol/acetonitrile (1/4, v/v) . The suspension was centrifuged (20 000×g, 10 min), and an aliquot (20 µL) of the supernatant was analyzed directly by HPLC/PDA for metabolite screening and by LC/MS/MS for structural elucidation.
CYP phenotyping of CMDCK with recombinant CYP enzymes CMDCK (4 µmol/L, unless otherwise indicated, dissolved in incubation buffer) was incubated separately in sodium phosphate buffer (100 mmol/L, pH 7.4) containing recombinant CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP3A5 coexpressed with cytochrome b5 in a final volume of 200 µL. Supersomes were used at P450 protein concentrations of 25 nmol/L. After preincubation for 5 min at 37 °C, the reaction was initiated by the addition of NADPH (1.0 mmol/L) and was terminated at 30 min by adding 200 µL of cold acetonitrile. Subsequently, 400 µL of IS solution (3.8 µmol/L, dissolved in acetonitrile) was added to the samples, followed by centrifugation (10 min, 20 000×g, 4 °C). An aliquot of 100 µL of supernatant was taken for ESI-LC-MS analysis as described below. Control microsomes prepared from insect cells infected with wild-type baculovirus were used as negative controls for native enzyme activities. The incubations were performed in triplicate.
Chemical inhibition and immunoinhibition studies in HLMs
For chemical inhibition studies, CMDCK (4 µmol/L) was incubated with pooled HLMs in the absence (control) and presence of selective CYP chemical inhibitors for 30 min. The inhibitors used were naphthoflavone (50 µmol/L) for CYP1A2, sulfaphenazole (10 µmol/L) for CYP2C9, tranylcypromine (50 µmol/L) for CYP2C19, quinidine (10 µmol/L) for CYP2D6, and KTZ (1, 2, or 5 µmol/L), RIT (1, 2, or 5 µmol/L), and TAO (100, 250, or 500 µmol/L) for CYP3A4. TAO, a time-dependent-mechanism-based inhibitor of CYP3A4, was preincubated at 37 °C for 15 min with HLMs and NADPH before the substrate was added to start the reaction. Control incubations were carried out in appropriate solvents (incubation buffer or 0.1% DMSO) that contained no inhibitors.
In immunoinhibition studies, the concentrations of the CYP2D6 and CYP3A4 antibodies used in the experiments were in accordance with the manufacturers' instructions. The incubation conditions were from the same as those used for the kinetic analyses, except that the HLMs and antibodies were preincubated for 15 min on ice before addition of the remaining incubation constituents. Control incubations were similarly preincubated but did not contain antibodies. Experiments were performed in triplicate.
Kinetics studies using HLMs and recombinant CYP3A4 enzymes Preliminary experiments (data not shown) were performed to determine the optimal incubation conditions in HLMs to ensure linearity with respect to the microsomal protein concentration and the incubation time. A typical incubation contained 0.5 mg/mL of HLMs, 4 µmol/L of CMDCK, 1 mmol/L of NADPH, 5 mmol/L of MgCl 2 , and 100 mmol/L of sodium phosphate buffer (pH 7.4) in a final volume of 200 µL. Incubation reactions were started and stopped as described above. The supernatant was directly analyzed by ESI-LC-MS as described below. Negative control incubations were performed by omitting NADPH.
Kinetic parameters (apparent K m and V max ) in the pooled HLMs (0.5 mg/mL) and CYP3A4 (25 nmol/L) samples were determined with a series of CMDCK concentrations ranging The quantitative analysis of CMDCK was carried out using an Agilent Single Quadrupole Mass Spectrometer (Agilent, Palo Alto, CA, USA) attached to an Agilent 1100 HPLC. ChemStation (Version A 09; Agilent, Palo Alto, CA, USA) was used to control the operation of these instruments and acquire the data. CMDCK and its major metabolites were separated on a 2.1 mm×100 mm BetaBasic C18 column (Thermo Electron, USA) with a 55/45 acetonitrile/water mixture containing 0.1% formic acid. The total running time was 17 min at a flow rate of 0.2 mL/min. The MS assay was conducted using the MSDVL electro-spray interface, operating in positive selective ion monitoring (SIM) mode. The detected ions were selected at m/z 693 [(M+NH 4 + ] were selected to screen monooxidized, di-oxidized and carboxylic metabolites, respectively.
Calibration curves and quality control samples were prepared in heat-inactivated human liver microsomal suspensions at the same protein concentration (0.5 mg/mL) used for incubations. The peak area ratios of CMDCK to the internal standard were linear over the range of 0.1-100 µmol/L. The intraday (within batch) accuracy and precision of the LC-MS assay were determined by repeatedly analyzing the spiked microsomal samples (n=3) at three concentration levels (low, medium and high levels) within the calibration range (ie, 0.25, 5, or 50 µmol/L). Inter-day data were obtained by analyzing the same set of spiked samples in duplicate over 3 consecutive days.
Data analysis
The elimination half-life (t 1/2 ) of CMDCK was calculated as t 1/2 =0.693/k, where k is the slope of the line obtained by linear regression of the natural logarithmic percentage (ln %) of the remaining parent drug CMDCK versus the incubation time (min). Conversion of in vitro CL int was done using the following formula [6] :
where the microsomal yield (mg/g organ) [7] and liver weight (g/kg body weight) were taken from the literature [8, 9] . Apparent K m and V max constants were determined using a Lineweaver-Burk plot. The values of CYP3A4 were normalized using nominal amounts of CYP3A4 in HLMs [10] . The in vitro value was extrapolated to the in vivo intrinsic clearance (CL h , mL·min -1 ·kg -1 body weight) according to the equation [11] :
where Q represents organ blood flow. The hepatic blood flow rate for humans used in the calculation of CL was 20 mL·min -1 ·kg -1 [12] .
Results

Metabolite profiling and identification
The biotransformation of CMDCK in HLMs was NADPH dependent, and CMDCK depletion was rapid. A typical HPLC-UV chromatogram of CMDCK metabolites in HLMs is presented in Figure 2 . In addition to the parent drug, six major peaks corresponding to the metabolites M1 (+O), M4 (+O), M7 (+O-2H), M12 (+2O-2H), M13 (+3O-2H), and M14 (+3O-2H) were observed. Eight minor metabolites, namely M2-M3 (+O), M5, M6 (-C 10 H 12 O 3 ), and M8-M11 (+2O), were also detected in HLMs using the selected ion scan mode of the LC-ITMS ( Figure 3 ). All these metabolites were absent from the control samples without NADPH. The structural elucidation of CMDCK metabolites was based on ITMS mass spectra. Multiple MS involving repeated The high MS response of the M+NH 4 + ion provided a solid foundation for detecting and profiling metabolites, including minor ones. The MS 2 spectra of the parent compound with the fragment interpretation are presented in Figure 4 (bottom). The collision energy (CE) in the MS 2 analysis for m/z=693 was optimized to 50-60 eV so that the major daughter ion in the MS 2 spectrum, ie, m/z=478, could undergo further collisioninduced dissociation to form abundant smaller fragments that could also be produced in subsequent MS 3 analysis (data not shown). With this approach, MS 2 spectra of CMDCK and its metabolites provided rich fragmentation information for structural elucidation, while MS 3 spectra did not provide further useful information for the structural elucidation of the metabolites.
Three characteristic product ions from the ammoniumadducted molecular ion of CMDCK were observed at m/z 478, 298 and 280. The ion m/z 478 corresponded to the loss of either the 3'-or the 4'-camphanoyl moiety, and m/z 298 was generated from m/z 478 by further loss of the remaining camphanoxyl group. The fragment ion m/z 280 resulted from the loss of both 3'-and 4'-camphanoyl moieties from the ammoniumadducted molecular ion. Accordingly, a neutral loss of (m/z 215) could be observed for either of the two camphanoyl moieties.
The ammonium-adducted molecular ions ([M+NH 4 ] + ) of CMDCK metabolites with changes in observed mass (∆M) relative to the parent and the spectral data of their product ions together with the fragmentation interpretation are listed in Table 1 . The major metabolic pathway of CMDCK in HLMs was oxidation to form mono-oxidized (M1-M4, M7), dioxidized (M8-M11) and tri-oxidized (M13 and M14) metabolites. The oxidation occurred on one or both the camphanoxyl groups or on the khellactone moiety. Two metabolites (M6 and M7) with one camphanoxyl group missing at either the 3' or 4' position as the result of ester hydrolysis were also observed. The proposed metabolic pathway and the putative metabolites of CMDCK in HLMs are presented in Figure  5 . Further structural elucidation of the CMDCK metabolites would be required to identify the exact oxidized positions of the metabolites. Such experiments will have to be carried out in the late drug development stage, after standard reference substances of the metabolites are available or after purified metabolites are obtained from in vitro or in vivo samples and analyzed using other instrumental analytical techniques, such as nuclear magnetic resonance.
Validation of the quantitative LC-MS method
The calibration curves were obtained over the CMDCK concentration range of 0.1-100 μmol/L. The mean regression equation of five replicates on different days was Y=-0.136787+0.00824407X, and the correlation coefficient (r 2 ) was greater than 0.9947. The LLOQ of 0.1 μmol/L was deter- 180  478  298  M7  689  707  +O-2H  14  492  298  280  M8  707  725  +2O  32  494  298  280  M9  707  725  +2O  32  510  314  296  M10  707  725  +2O  32  510  298  280  M11  707  725  +2O  32  494  298  280  M12  705  723  +2O-2H  30  508  298  280  M13, M14  721  739  +3O-2H  46  524  298  280 Fragment ion spectra of ammonium-adducted molecular ions were obtained with a Finnigan LCQ Ion Trap Mass Spectrometer (see Materials and methods). npg mined based on a signal/noise ratio of 6:1 and on satisfactory precision (RSD<±20%) and accuracy (RE<±20%). The intraand inter-day precisions and accuracies for CMDCK were assessed based on the analysis of QC samples at three concentration levels (ie, 0.25, 5, or 50 µmol/L). The intra-day precisions, expressed as RSD, were all below 11.0%, and the interday precisions were <9.0%. The intra-day accuracy ranged from 91.0% to 111.6%, and the inter-day accuracy ranged from 88.6% to 112.4%. All of these values were within the acceptable range (≤15%).
Identification of the CYP isoforms responsible for CMDCK metabolism Among a panel of eight recombinant human CYP enzymes used for this study, CYP3A4 and 3A5 exhibited a significant catalytic activity related to CMDCK metabolism ( Figure 6 ). All www.nature.com/aps Zhuang XM et al Acta Pharmacologica Sinica npg of the major metabolites observed in HLMs were also detected in the CYP3A4 incubates, whereas no notable metabolic disappearance of the parent was observed in the samples with CYP1A2, 2B6, 2C8, 2C9, 2C19, and 2D6 compared to the control. When the reaction mixtures of these 6 CYP isoenzymes were analyzed using SIM scan mode with the selected ions for major metabolites, no substantial formation of metabolites was observed. CYP3A4 and 3A5 were determined to be the primary CYP isoforms responsible for CMDCK metabolism.
Enzyme kinetics of CMDCK metabolism
The metabolic rates and enzyme kinetic parameters were determined based on the metabolic elimination of the parent compound because currently no standard reference substances for the metabolites are available. The apparent enzyme kinetic parameters of CMDCK incubated with pooled HLMs and recombinant CYP3A4 are summarized in Table 2 . Both the K m and V max for CMDCK in recombinant CYP3A4 were similar to those in HLMs.
Inhibition of CMDCK metabolism by CYP chemical inhibitors and specific antibodies
The inhibitory effects of the selective chemical inhibitors and immunoinhibitory monoclonal antibodies on CYP3A4 were evaluated at three concentration levels (Table 3) because the substrate specificity and inhibitors for CYP3A4 and CYP3A5 overlapped. The known potent CYP3A4 inhibitors KET and RIT inhibited the formation of the major oxidative metabolites in a concentration-dependent manner. The inhibitory rates at the levels of 1, 2, and 5 μmol/L were 68.3%, 81.9%, and 90.1%, respectively, for KET and 66.7%, 77.5%, and 91.1%, respectively, for RIT. TAO, a mechanism-based CYP3A4 inhibitor, also dose-dependently attenuated CMDCK elimination in liver microsomes with inhibitory rates of 30.8%, 55.9%, and 80.2% at 100, 250, and 500 μmol/L, respectively. However, the effects of the selective inhibitors on CYP1A2, 2C9, 2C19, and 2D6 were found to be either negligible or negative, with inhibitory rates of -0.95%, -0.93%, -1.07%, and 0.45%, respectively.
When CMDCK was incubated with the pooled HLMs in the presence of immunoinhibitory CYP antibodies, only CYP3A4 antibody showed a significant inhibitory effect on CMDCK metabolism, with an inhibitory rate up to 83.9%. The effect of the CYP3A4 antibody was also concentration dependent. In contrast, the CYP2D6 antibody did not show any inhibitory effect on the metabolism of CMDCK. This result provides further evidence demonstrating the predominant role of CYP3A4/3A5 in CMDCK metabolism.
Discussion
The metabolic stability test of fourteen DCK derivatives indicated that these compounds were all rapidly and extensively metabolized in HLMs under oxidative conditions [13] . CMDCK, a novel DCK analog, was found to have a similar metabolic stability in HLMs. Following the standard metabolic study protocol [14] , the enzyme concentrations (0.2-4 mg/mL), reaction times (0-90 min), and substrate concentrations (0.25-50 µmol/L) were optimized. The metabolic kinetic study of CMDCK was subsequently conducted at an enzyme content of 0.5 mg/mL, a substrate concentration of 4 μmol/L and an incubation time of 30 min. As the key parameter for the in vitro-in vivo correlation, the intrinsic clearance (CL int ) for CMDCK was directly obtained from the in vitro T 1/2 [15, 16] , based on the widely accepted well-stirred model. The hepatic clearance (CL h ) was then estimated using in vitro CL int data ( Table  2) . It was noted that the CL h (19.4 mL·min -1 ·kg -1 ) of CMDCK was comparative to the mean human hepatic blood flow rate (20.7 mL·min -1 ·kg -1 ), which indicated that the liver metabolism of CMDCK would be the predominant elimination pathway in vivo.
The CYP reaction phenotyping of CMDCK was conducted using both cDNA-expressing human CYP enzymes and pooled HLMs combined with chemical inhibitors and mono- Table 2 . Kinetic parameters of CMDCK metabolism in reactions with pooled liver (HLMs) and recombinant CYP3A4 enzymes and prediction of the hepatic clearance of CMDCK. (CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4, and  3A5) , only CYP3A4 and 3A5 showed significant CMDCK metabolism activity. It is well known that the CYP3A subfamily, consisting mainly of CYP3A4 and 3A5 in adults, is responsible for the metabolism of more than half of therapeutic agents that undergo oxidation [17] . CYP3A4 and 3A5 share most of the same substrates [18] , and in vitro investigations have indicated that CYP3A5 can be less susceptible to inhibition than CYP3A4. In the present study, CYP3A4 and CYP3A5 were identified to be the principal enzymes involved in CMDCK metabolism in the human liver. Oxidation was the major metabolic pathway of CMDCK. A number of metabolites including 12 oxidative products and 2 hydrolysis metabolites, were identified. The oxidation occurred on either of the two camphanoyl groups or on the khel lactone moiety. The rapid and extensive CMDCK metabolism mediated by CYP3A4 and CYP3A5 might lead to low bioavailability in the human body [19, 20] . In general, a higher conversion rate of a drug candidate in vitro is unfavorable because the conversion rate is predictive of higher hepatic clearance in vivo, resulting in a significant first pass effect for oral administration [21] . In fact, a number of clinically available anti-HIV agents exhibit significant firstpass hepatic metabolism. This problem was solved by the drug combination regime called HAART (highly active antiretroviral therapy), whose goals were same as those of the treatment of tuberculosis [22] . In this study, significant inhibitory effects on CMDCK metabolism were observed for the potent CYP3A4/3A5 inhibitors ketoconazole, ritonavir and troleandomycin. This result suggested that coadministration of CMDCK with a potent CYP3A inhibitor, such as ritonavir, would enhance its hepatic metabolic stability and subsequently improve its bioavailability in the body. Ritonavir is a protease inhibitor clinically used as an anti-HIV drug. It also widely used as a CYP3A4 inhibitor to boost the effect of other anti-HIV agents for the treatment of AIDS [23] . Some research has indicated that the elevation and prolongation of the plasma levels of some protease inhibitors (such as tipranavir, saquinavir or indinavir) by ritonavir coadministration may produce a composite suppression of HIV viral replication in excess of the sum of that was observed with either agent individually [24, 25] . The effect of ritonavir on CMDCK pharmacokinetics will be further assessed in vitro and in vivo.
In summary, CMDCK was metabolized rapidly in human hepatic microsomes to form a number of oxidative metabolites. CYP3A4 and CYP3A5 were the predominant enzymes involved in the oxidation of CMDCK.
